The aviation industry is motivated to develop and validate new aircraft models for the prediction of engine performance. These models are used in the preliminary aircraft design in order to predict its engines performance. The purpose of this study is to design an accurate model of the fan and compressor engine components. This model will then be integrated in a full engine model based on a component modeling approach. Several methods already exist to model compressing components. Among them, the stage-stacking method is used in this paper. This method can be used to predict the compressor performance but also its deterioration (ex: "fouling"). In both cases, the principle is the same. Each stage is separated, and the first stage outputs are used for the next stage as inputs until the last stage is reached, when the final outputs are acquired. A Cessna Citation X Level D Research Flight Simulator designed by CAE Inc. is used to sample the data needed to identify and validate the engine models elaborated for the whole flight envelope. Level D is the highest level of certification given by the FAA for the flight dynamics. Thus the simulator is used as real aircraft flight dynamics data. Different flight tests were performed to mesh the flight envelope for different flight conditions (Mach numbers from 0 to 0.92; altitude from 0 to 50000ft and Throttle Lever Angle,TLA, from "idle" to "max" in degrees). Nonetheless, the stage stacking method needs information which is not always available, such as the blade angle. A "grey box" approach was chosen. The unmeasurable parameters were identified in order to tune the model, and thus to reduce the global error between the model and the simulation data. A "black box" approach was also with an optimisation algorithm to approximate the outputs as polynomial functions of the inputs. In both cases the results were found to be accurate.
Introduction
Since 1987, the number of aircraft passengers tripled (one billion to 3.3 billion in 2014), and is expected to reach 6 billion in 2030. This rapid increase has a negative impact on the environment, namely on the CO2 emissions and the fuel stock available on the Earth. To respond to this issue, the aviation industry improved the aircraft design, and in particular its engine design in order to reduce aircraft fuel consumption. The engine is the most complex system of the aircraft because its different components are nonlinearly interrelated. Critical parts in the engine design are the compressor and turbine components. Over the years, a large number of studies were fulfilled in order to improve the efficiency of engine compressor design and to improve the understanding of these components. Since the overall pressure ratio minimises the specific fuel consumption (i.e.: fuel per thrust units) [1] , compressor components are directly linked to the engine efficiency. In order to improve these components, models are elaborated to optimize their performances and model a complete engine model. These models are used to generate performance numerical dynamic models [2] [3] [4] [5] which are used to optimize flight trajectories [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] for flight cost reduction. The most common approach for engine modeling is the Component Level Modeling (CLM) [17] [18] [19] [20] [21] [22] [23] [24] . In this approach, each component of the turbofan is modelled in order to simulate the entire engine. Several researchers used performance map in order to evaluate the pressure ratios and efficiency fan and compressor components. For a given shaft speed, and inlet air mass flow, the pressure and temperature ratios, were obtained with "map scaling" [25] [26] [27] [28] . Nonetheless, these kinds of maps are not available for all engines. A solution is to generate those maps with software designed for this type of research, such as Gasturb [29] or GSP [30] . Since the rotational speed is not generally one of the inputs, it is usually calculated iteratively using a starting point to match the turbine component. This study is restricted to the fan and compressor modeling, by consequence the different rotational speeds are inputs. But in case that the rotational speeds are integrated in a whole Component Level Model, they, would be calculated by balancing the turbine work produced to the compressor work, since these components
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Paul-Alexandre Bardela, Ruxandra Mihaela Botez, Pierre Pageaud The Research Laboratory of Active Control, Avionics, and Servoelasticity (LARCASE) -Université du Québec -École de Technologie Supérieure 1100 Rue Notre-Dame Ouest, Montreal, QC H3C 1K3, Canada ruxandra.botez@etsmtl.ca*, paul-alexandre.bardela.1@ens.etsmtl.ca, pierre.pageaud.1@ens.etsmtl.ca rotate at the same speed and the work is directly related to the rotational speed. Nonetheless, the shaft speed is directly controlled by the Full Authority Digital Engine Control (FADEC) in order to minimize the fuel consumption. For high bypass ratio turbofans, minimum specific fuel consumption exists that depends only on the Fan Pressure Ratio (FPR) [1] . The only way to control the FPR is to adjust the fan rotation speed, that is also linked to the Throttle Lever Angle (TLA). This is the main reason why the fan rotational speed, and thus, the FPR, is difficult to determine. Different approaches exist to for the compressors modeling.
Hang Xu et al [31] divided the compressor model approach in two sub-approaches. He combined firstly the scaling law with stage stacking methods to study the fouling influence on the axial flow compressor. The infinitesimal stage method was secondly used, which was based on Reynolds' law. This model predicted with high measuring accuracy the outputs of an 8 stages axial flow compressor. Hosteler [32] developed a white box for predicting the off design parameters of an axial flow compressor. Britton [26] created a design tool to estimate the performance maps of a centrifugal flow compressor. The impeller two-zone model was used for high rotational speeds, that were extrapolated at low speeds. Falck [33] created a method for an axial flow compressor modeling, that was based on the one stream line method. An accurate model was generated within the pressure ratio converged by iterating the pressure rise coefficient values.
The compressor was modelled using the stage stacking methods, which, according to the literature already have proven their efficiencies. Since all parameters needed were not available, the missing parameters were estimated and optimized to fit to the data from flight tests acquired with the Cessna Citation X Level D Research Aircraft Flight Simulator (RAFS) designed by CAE Inc. The level D is the highest certification level delivered by the Federal Aviation Administration (FAA, AC 120-40B) certification authorities for the flight dynamics modeling.
Figure1. Cessna Citation X Level D Flight Simulator

System Identification Method
System identification method can be defined according to Jategaontar [34] :
"System identification, as it is termed today, is a scientific discipline that provides answers to the age-old inverse problem of obtaining a description in some suitable form for a system, given its behavior as a set of observations."
Shortly, it aims to find a system with given inputs and outputs [35] . This method has been largely used on aircraft systems especially for their stability and control and performance analyses [36] [37] [38] [39] [40] [41] [42] [43] [44] . An accurate explanation of this method is described in [34, 35] . As described in figure 2 the identification system process is divided in two steps: the definition of a suitable mathematical model, and the application of an estimation algorithm to optimize the parameters values in order to improve this model [45] . 
Compressor Mathematical Model
Engine description
The engine used in this study is the one for the Cessna Citation X: The AE 3007C1 designed by Rolls-Royce. This engine is a twin spool, high-bypass ratio turbofan. It is composed of a fan, a 14-stage high pressure compressor, a 2-stage high pressure turbine, and a 3-stage low pressure turbine. 
Static Fan and Compressor Model
The purpose of this section is to present the different models that were used to estimate the pressure and temperature ratio of the fan, and of the high-pressure compressor. The following block diagram presents the scheme of these models:
In the rest of this section, the modeling will be applied to the fan component for easier understanding. The stage stacking method uses 4 coefficients [1, 32, 46] .
The flow coefficient Ф is given by the ratio between the inlet axial velocity Ca and the tangential speed U.
where = /2 d represents the component diameter, and N is the rotational speed.
The temperature rise coefficient is expressed as function of the temperature difference ∆ :
Where 1 represents the angle between the inlet velocity and the fan axis, 4 represents the angle between the velocity relative to the blades and the fan axis, and Cp is the specific heat at constant pressure. A diagram is shown in the appendix for the better understanding of the angles.
The pressure rise coefficient ѱ is expressed as function of the fan pressure ratio FPR:
Where γ represents the ratio of specific heats that only depends on the temperature, and where Tsl the temperature at the sea level.
The efficiency η is expressed as the ratio between ѱ and , that are given by equations (3) and (2), respectively:
The exit temperature 2 can be expressed with equation (5):
The model outputs are the temperature, and the pressure exiting the fan. Equation (6) is needed to determine the pressure P2:
Where 2 is the area of the air exiting the fan, and 1 the area of the air entering the fan.
The air is accelerated through the fan rotor, but its speed is converted into static pressure when it impacts the fan stator. Then a common hypothesis is that the air exits the fan at the same speed at which it enters the fan [1] , so that 2 = 1 . Thus, equation (6) becomes equation (6'):
The method was applied to the fan which has only one stage. The fan exit pressure and temperature are then directly obtained, while for a multi-stage compressor, equations (5) and (6') would give only the temperature and pressure at the exit of the compressor. To complete the model, these outputs need to be used as inputs for the next stage, and this process iterates for each stage until the last one is reached, in our case the high pressure compressor is composed of 14 stages.
Flight Tests
The proposed model contains unknown parameters which need to be identified 
Compressor Model Identification
As explained Section 3.2, the terms [tan ( 4 ) − tan ( 1 )] and 2 1 from equations (5) and (6') respectively cannot be evaluated accurately. By applying the method presented in Section 2, these parameters will be approximate as function of M and H. According to Jategaontar [34] , it is possible to identify polynomial functions with an efficient accuracy, by using the Least Square method (LS) combined to an optimization algorithm. The optimization algorithm chosen here is the Levenberg-Marquardt algorithm which has the advantages of the high convergence speed of the gradient algorithm with the high accuracy of the Gauss-Newton algorithm.
The resulting polynomial functions are:
Where pij and qij are the coefficients of the polynomial functions, and where n and m are the degrees of these polynomial functions.
Different polynomial functions were testes with other inputs than M, H such as TLAs, and best results were obtained with M, H, with n = m = 5.
Then, by combining the previous equation (1), (5), (6'), (7) and (8); we obtain:
This method enables us to calculate the compressor efficiency using equation (11):
Nonetheless, the compressor efficiency cannot be measured directly with the level D simulator. For this reason, the accuracy of the values obtained can be evaluated only with common sense and literature values.
Validation of Results
The results obtained from the grey box model based on stage stacking method are compared to those obtained from the two different black box models using the same flight tests. The first "black box" uses the H, M and TLA as inputs. The "corrected black box" uses the "corrected rotation speed", Ncor, and the "corrected mass flow" Wcor as its inputs. = √ (12)
These corrected variables are often used to generate the "compressor performance map".
As explained in the previous section, a polynomial function is expressed depending on the "corrected inputs".
The corrected black box model is expressed as follows:
The black box model is expressed as follows:
The following figure 5 presents the model absolute relative error for 90 validation flight tests; each column represents the mean relative error to predict the Fan Pressure Ratio (FPR) or the Engine Pressure ratio (EPR). These results were obtained for the 3 models: "Stage Stacking", "Black Box" and "Corrected Black Box". The corrected black box model is the most accurate of those models for the fan pressure ratio prediction with 0.40% mean errors; however at low altitudes (5000 ft. and 10000 ft.) the engine pressure ratio does not provide accurate results and thus its EPR prediction (1.30%) is less accurate than the black box model. The black box model predict the FPR almost as accurately than the corrected black box model (0.44%) and is the most accurate to predict the EPR (1.10%). The possible downside of the two black box model is that unlike the stage-stacking model, they cannot provide the compressor components efficiency η. The following figure 6 presents the relative efficiency calculated for different compressor components. The calculated values seem to have the order of magnitude expected [1] , which means that the method is well chosen. The curve represented on Figure 6 shows that the Mach number influences the efficiency values of these compressor components. The maximum efficiency occurs at low Mach numbers (M=0.3). The results also showed that the relative efficiency is almost constant for the altitude range, less than 5% difference between the two extrema altitudes. Consequently the efficiency does not seem to depend on the ambient pressure since it only depends on the altitude.
Conclusion
Three validated models were elaborated in this study. The black box model was found to be accurate, and will, in a future work, be integrated on a complete grey box engine model in order to predict the Thrust and fuel flow for the whole flight envelope. The stage stacking model was not as accurate as the two black box model but it predicted the efficiency of the fan and compressor components. For the corrected black box, the rotational speeds are not part of the inputs, it is determined with the work balance equation between the turbine and the compressor. Thus an error on the rotational speed prediction exists which leads to an error on the FPR and EPR prediction and less accurate results than the other black box. Therefore the black box model is the most accurate for a future whole engine model because it presents a small error and use direct input of the engine model. The stage stacking model can also be used in order to construct a fault diagnosis or deterioration model. The purpose of those models is the prediction of the possible deterioration of the engine in time, and thus the evolution of its efficiency. The results presented in this paper, Section 4, can be improved using better optimisation algorithms. Nonetheless, since we use a component approach, the error quickly increases because the outputs errors of a component are used as inputs in the next stage. It is more efficient to optimize the whole engine model to improve its accuracy, thus there was no need to perform components maximum optimisation. Further research would use Gasturb software for the compressor and turbines modeling; the efficiency values obtained with the Gasturb software will be compared to those obtained with the stage stacking method in order to improve the full engine static model accuracy. Then, a dynamic model of the aircraft will be obtain using flight tests. 
